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I. INTRODUCTION
An antiproton introduced into ordinary matter will usually annihilate with a nucleus within picoseconds. Only one exception is so far known to this general rule: About 3% of antiprotons stopped in helium can survive up to some tens of microseconds ͓1-7͔, an effect that has been ascribed to the formation of long-lived p He ϩ ϵp -e Ϫ -He 2ϩ exotic atoms ͓8-16͔. This exotic system is somewhat similar on the one hand to a hydrogenic atom and to a molecule on the other. The term ''atomcule'' has therefore been invented to express this dual character.
After collisions with ordinary helium atoms slow down the antiproton to some tens of eV, it is captured by a helium atom and replaces one of its electrons. The principal quantum number n of the initially populated states is known have the value nϳn 0 ϭͱM */m e Ӎ38, while the orbital quantum number l of the metastable states is large (lՇnϪ1). Here M * is the reduced mass of the p He 2ϩ system and m e is the electron mass.
The metastability of those high-n, high-l states is caused by a combination of several effects. The level spacing is around 2 eV, which is small compared to the ionization energy of the remaining electron (ϳ25 eV). This causes a strong suppression of fast Auger deexcitation as this would require ͉⌬l͉Ͼ3 for the nearly circular orbits. Furthermore, the remaining electron stabilizes the system against annihilation via collisional Stark mixing by removing the l degeneracy of levels with the same n. In addition, the electron repels the surrounding helium atoms due to Pauli blocking. Hence the dominant mechanism for deexcitation is through slow radiative transitions. These follow a ''propensity'' rule ⌬nϭ⌬lϭϪ1 ͓11,12͔. Figure 1 shows the level scheme of the p He ϩ system as obtained by calculations ͓11-15͔ and confirmed by experimental results ͓17-24͔. Antiprotons initially captured in metastable levels cascade down along the arrows denoting transitions with ⌬nϭ⌬lϭϪ1 until they reach the levels that proceed to ionized states via fast Auger transitions (⌬lϭ Ϫ3), where the antiprotons annihilate via the Stark effect.
A delayed annihilation time spectrum ͑DATS͒ is the superposition of the contributions of all parallel and nearly independent cascades. As one may imagine, it is impossible to extract information on the initial populations and lifetimes of individual levels from such a spectrum. One could, however, deduce some gross features of the whole metastable region from the DATS analysis.
A precise method for investigating individual levels is to use laser light to induce resonant transitions between two levels ͓16͔. At the end of each metastable cascade with constant vϭnϪlϪ1 ( is the radial node number or the vibrational quantum number͒ a short-lived level exists from which fast Auger deexcitation is possible. If laser light of a frequency appropriate to induce a transition between the last metastable state and the following short-lived state is applied, the antiprotons in the metastable state will almost immediately annihilate. This gives a sharp increase of the annihilation rate in the DATS at the time the laser light pulse arrives in the target gas. The intensity of this peak is proportional to the number of antiprotons present in the metastable level at that time. This laser resonance method has been successfully applied and the vϭ2 and 3 cascades are thereby well established ͓16-21͔.
Very soon after the discovery and the detailed studies of the longevity effect ͓1-6͔ it was found that admixtures of foreign gases to the helium target gas affect the shape as well as the lifetime of the DATS ͓2,3,6,7͔. Light noble gases and N 2 have a weak quenching effect while Xe, H 2 , and O 2 act much more violently. Of all gases investigated so far, oxygen is the one with the strongest influence on the DATS ͓6͔. Only a few hundred ppm of O 2 are known to destroy the metastability of the antiprotonic helium atoms completely.
The origin of this quenching effect is not yet understood and it is the purpose of the present paper to shed some light on the behavior of metastable p He ϩ in the presence of oxygen molecules at low concentrations.
In order to investigate the influence of O 2 admixtures on individual levels we applied the laser resonance technique to the transitions at the end of the vϭ2 and vϭ3 cascade in p He ϩ , as has been done in the case of H 2 admixtures ͓24,25͔. The corresponding metastable levels are characterized by the quantum numbers (n,l)ϭ(37,34) and (39, 35) and can be deexcited to the states (n,l)ϭ(36,33) and (38,34) by laser light of 470.724-nm and 597.259-nm wavelength, respectively.
In Sec. II of this paper we give a short overview of the quenching of metastable p He ϩ by foreign gas admixtures. The experimental setup is described in Sec. III. Section IV deals with the analysis of the delayed annihilation time spectra, Section V is dedicated to the laser experiments. Some concluding remarks are given in Sec. VI.
II. QUENCHING BY FOREIGN GASES
A simple phenomenological model can be used to describe the quenching of antiprotonic helium by foreign gases ͓3,6,7͔. Assuming that the quenching takes place in binary collisions between the antiprotonic helium atom and the foreign gas molecule only after the formation and thermalization of the p He ϩ system, the decay rate of a single level can be written as
Here i 0 and i q are the intrinsic decay rate and the quenching rate of level i, respectively, i is the quenching cross section of this level, n a is the number density of the admixed gas, and v th is the relative thermal velocity between the colliding particles (O 2 and p He ϩ ), i.e.,
Here is the reduced mass of the colliding system
with m a the mass of the admixture atom or molecule and M the mass of the antiprotonic helium atom. At the present condition of Tϭ100 K the relative thermal velocity v th is 7.0ϫ10 4 cm/s. An indication that metastable levels are not uniformly affected by foreign gases was seen in DATS with ppm admixtures of hydrogen ͓24,25͔. The selective quenching of some levels by H 2 creates a fast component in the DATS while shortening the lifetime of the long-lived part, but leaving its structure unchanged. By adding the appropriate amount of hydrogen to the target gas we were able to shorten the lifetime of individual levels selectively and this allowed us to find a completely different type of laser resonance in antiprotonic helium: The so-called hydrogen-assisted inverse resonance method made it possible to observe transitions be- tween two normally metastable levels ͓22͔. More recent investigations determined both the n and the l dependence of the lifetime of a number of levels in the presence of hydrogen ͓25͔.
III. EXPERIMENTAL SETUP

A. Slow extraction mode
In order to measure the DATS we used the continuous or ''slow extraction'' mode of the CERN Low Energy Antiproton Ring ͑LEAR͒. Running in a parasitic mode in parallel to other experiments, a typical filling of the storage ring provided us with about 30 000 p /s of 200 MeV/c momentum for about 1 h.
The antiprotons left the beam line, passed a set of scintillation counters, and were stopped in the target gas cooled to 100 K. The products ͑mostly pions͒ from the annihilation of the antiproton with a nucleus were detected in seven shower counters ͑a ''sandwich'' of scintillators and lead plates͒ covering a solid angle of about 78% of 4. These counters were able to detect both charged pions and photons from the decay of 0 . The overall probability for the detection of an annihilation was 99.7% ͓26͔.
It could be assumed that if no such annihilation products had been detected within ϳ100 ns after the beam counter start signal, a metastable p He ϩ atom was present in the target gas. Pre-and postpileup rejection ensured that only one antiproton was present in the target gas at a time, so we were able to measure precisely the time difference between the formation of the p He ϩ system and the annihilation of the antiproton with the helium nucleus. The substantial background from slow ϩ → ϩ →e ϩ decays was eliminated via the requirement that at least two shower counters had registered products of the annihilation within 10 ns. Altogether, the slow extraction mode enabled us to record undistorted, background-free spectra of the delayed annihilation of antiprotons in helium with very high efficiency. The disadvantage of this experimental method is, however, that counting single annihilations is rather time consuming and laser spectroscopy in that regime is inefficient.
B. Fast extraction mode
The second experiment described in this paper used the ''fast extraction'' mode of the LEAR and a laser to deexcite resonantly individual levels of the antiprotonic helium. In this mode one LEAR filling, which contained about 5ϫ10 9 p , was used to provide about eight bunches of 200 ns length. One LEAR stack cycle time was typically 20 min.
One advantage of the use of this mode of the LEAR operation is that a measurement needs less time. One beam bunch creates a spectrum that would take several tens of minutes in the slow extraction mode if the same number of antiprotons were used. Furthermore, in laser experiments one laser firing was enough for an entire bunch of p , compared to the necessity of a laser shot for each p in the slow extraction mode. Even more important, we were able to trigger the extraction of antiprotons from the LEAR from the experiment, so we knew in advance at what time the antiprotons would arrive in our target chamber. This knowledge was of special importance in our laser experiments because the intrinsic delay of our electronics and the laser system itself was about 1.2 s. The use of fast extraction enabled us to trigger the laser in advance and consequently to study the population of individual levels as soon as 200 ns after the formation of p He ϩ . In the slow extraction mode, where the antiprotons would arrive randomly, this intrinsic delay had previously limited the earliest laser firing time to 1.2 s after the p had stopped in the target.
On the other hand, the high antiproton rate caused difficulties. The method of counting individual annihilations is not applicable, so we used a simple Lucite Č erenkov counter read out by a photomultiplier tube ͑PMT͒ to detect the analog sum signal of the pions from many simultaneously annihilating antiprotons ͓27͔. The Č erenkov counter covered a solid angle of about 36% of 4. The negative output voltage of the PMT, which is an analog measurement of the DATS, was recorded with a digital oscilloscope. Figure 2 indicates the high quality of the recorded analog spectra and the laser peak. We also replaced the beam counters with a parallel plate ionization chamber to enable detection of both beam position and profile.
One problem of this experimental method is the presence of a considerable background of 2.2-s lifetime from ϩ → ϩ →e ϩ decay. Assuming that the background is, in first order, proportional to the total number of antiprotons extracted from the beam line, we normalized the laser peak area to the total area to obtain a measure for the population of the deexcited level ͑''normalized peak intensity''͒. This way we also eliminated effects caused by variability in the total number of antiprotons arriving in the target and therefore in the total number of p He ϩ formed. Another problem was the following: As only ϳ3% of the antiprotons form a metastable p He ϩ atom, the signal we were interested in was preceded by a very large peak of prompt annihilations of the remaining 97%. Earlier experiments with a standard gatable PMT had shown already that this prompt flash of Č erenkov light distorts the delayed signal ͓27͔. We finally obtained the specially designed gated PMT R5504GX-ASSY from Hamamatsu Photonics, which successfully suppressed the prompt peak, completely leaving the signal of the delayed component after 200 ns ͑nearly͒ undistorted.
FIG. 2. Analog DATS with laser resonance peak in pure helium taken at 100 K, 8 bars, and 597.259 nm. The inset zooms in on the peak region.
C. Target and laser system
The target chamber with the helium flow cryostat used to cool the helium target gas to cryogenic temperatures is presented in Fig. 3 . Antiprotons entered the target chamber filled with the target gas through the Kapton and the CuBe window from the left-hand side. Additional Euplex foils were placed in the antiproton beam as degrader material to optimize the p stop distribution. A small p stopping volume was necessary in the laser experiments to achieve maximum overlap between the created p He ϩ and the laser light that entered the chamber through quartz windows on the side opposite to the beam windows.
The target gases used were ͑a͒ pure 4 He ͑less than 1 ppm impurity admixtures͒ and ͑b͒ two different mixtures of oxygen ͑99.998% pure͒ in helium ͑99.9996% pure͒ at premixed concentrations of (20Ϯ1) ppm O 2 and (100Ϯ2) ppm O 2 .
The target chamber could be cooled down to ϳ5 K with the help of an adjustable, constant flow of helium through a copper coil that was soldered onto the outer surface of the target chamber wall. Higher temperatures were achieved by heating this coil with the help of several heating wires ͑35-m stainless steel on 100-m Kapton͒ glued onto the coil. The temperature of the target chamber was measured by two sensors and stabilized by a feedback temperature controller. All measurements presented in this paper were performed at ϳ100 K, which is well above the boiling point of oxygen (ϳ90 K). This temperature was chosen to ensure that no oxygen could condense inside the cryostat. To ensure a small p stopping volume at 100 K we used high target gas pressures ͑up to 8 bars͒.
The laser system we used in the fast extraction experiments consisted of two independent sets of XeCl-excimer laser pumped dye lasers. The excimer laser provided 80-140 mJ per ϳ20-ns pulse. This resulted in a dye laser pulse energy of 2-5 mJ, depending on the wavelength and the dye used. A complete and very detailed description of the experimental setup can be found in another publication ͓26͔.
IV. DELAYED ANNIHILATION TIME SPECTRA
A. Spectra
The spectra obtained in the slow extraction mode are shown in Fig. 4 and the target conditions are summarized in Table I . Oxygen is, of all gases studied so far, the one that has shown the strongest effect on the DATS ͓6͔. The typical DATS shape seen in pure helium, a fast component followed by a growth-decay structure and a downward bent end, is converted into a nearly single exponential even at very small O 2 concentrations. Already an O 2 concentration of 3ϫ10 16 cm Ϫ3 , which corresponds to a 1% admixture of a 1-bar room-temperature gas, destroys the metastability of the antiprotonic helium atoms nearly completely. The quenching effect of other gases examined so far ranges from ten times less violent ͑H 2 ), over a few hundred times ͑N 2 and Xe͒, to more than ten thousand times ͑Kr, Ar, and Ne͒ less violent than the effect of oxygen ͓6,7͔. 
B. Average DATS decay time
A simple way to analyze the DATS behavior under the influence of foreign gas admixtures is to determine an average lifetime T av of the time spectra
The values for T av are summarized in Table I , and Fig. 5 reveals a linear relation between 1/T av and the oxygen admixture. By interpreting the inverse of the average lifetime as an average decay rate, one can then deduce an average quenching cross section of (1.40Ϯ0.14)ϫ10 Ϫ15 cm 2 from these numbers using Eq. ͑1͒.
The method of analysis using T av has the advantage of model independence. Nevertheless we performed a more detailed analysis, which is described in the following subsection.
C. Analysis using a four-level model
As mentioned above, the complexity of the scheme of metastable levels in p He ϩ ͑Fig. 1͒ is such that an independent fit of all level populations and transition rates is not possible. As described in earlier publications ͓5-7͔, one can, however, fit the DATS of pure helium very well using a simplified single-cascade model. The minimum number of levels required to reproduce both the fast-decaying component at early times and the downward-bent structure at later times is four. The rate equations for the simplified four-level model ͓Fig. 6͑a͔͒ are
The time-dependent level populations N i (t) are obtained by solving this set of equations. Annihilation takes place only from the lowest metastable level for the case of pure helium target gas, so the annihilation rate to be fitted to the DATS of pure helium is Result of the DATS analyses with T av and the four-level model. The inverse of the average lifetime T av ͑i.e., average decay rate͒ and the fitted quenching rate i q from the four-level model are plotted versus the oxygen number density and the points are fitted with a straight line. At 100 K the four-level model ͑solid boxes͒ and the T av analysis ͑solid circles͒ give nearly the same result for the quenching cross section, so the two dashed lines are nearly parallel. The slope of the dotted line ͓T av analysis of the data at 300 K ͑open circles͔͒ is larger due to the higher thermal velocity. A͑t ͒ϭ 4 N 4 ͑ t ͒.
͑6͒
For the description of the quenching effect of oxygen admixtures we introduce quenching channels to the model ͓Fig. 6͑b͔͒. The rate equations now contain additional quenching terms
In this case, annihilation may take place from every level; therefore, the annihilation rate we fitted to the data is now given by
The analysis procedure started with a fit of the cascade without quenching channels ͓Eq. ͑6͔͒ to the DATS of pure helium. Various parametrizations of both initial populations and decay rates were used to reduce the number of free parameters from eight to four. All parametrizations gave fits of similar quality along with similar results for initial populations and decay rates along the cascade.
Afterward we fitted the DATS with O 2 admixtures using the cascade with quenching channels ͓Eq. ͑8͔͒. Initial populations and decay rates were fixed to the values obtained in the fit of the pure helium spectrum recorded at the same temperature and pressure. This can be justified under the assumption that any change in the DATS comes from the quenching of the already formed antiprotonic helium atoms as required in our simple quenching model ͓Eq. ͑1͔͒.
The single-exponential shape of the DATS with oxygen admixtures suggests a similar quenching cross section for all metastable levels, and in order to reduce the number of free parameters in the fit we decided to use the same quenching rate for all four levels in the cascade. This rather drastic assumption is justified by the quality of the fit.
To perform this fit procedure one needs a set of DATS consisting of one spectrum with pure helium as target gas and one or more spectra with different admixtures of oxygen. All other parameters that may influence the DATS, such as temperature or pressure, had to be the same for the whole set. We took two of those sets, at 100 K and 4 and 8 bars of total pressure, respectively. Each set consisted of measurements with 0, 20, and 100 ppm oxygen. The spectrum with 20 ppm O 2 at 2 bars was not included in the analysis procedure. Figure 7 shows a typical result of the fit procedure just described, applied to both sets of DATS. The best-fitted parameters are presented in Table II . The quenching rates were assumed to be equal for all levels. Despite all simplifying assumptions ͑only one cascade, equal quenching rates͒ the model fits the data very well.
D. Average quenching cross section
TABLE II. Results of the best fit of the four-level model to the DATS at 100 K. All initial populations were set equal. Their values represent the overall normalization of the pure helium DATS. The quenching rates were also assumed to be equal for all four levels. All transition rates are given in s Ϫ1 . Figure 5 gives the quenching rate as a function of oxygen density. It reveals a linear dependence that corroborates the quenching model described. From Eq. ͑1͒ we deduced a quenching cross section of (1.35Ϯ0.03)ϫ10
Ϫ15 cm 2 .
E. Average DATS decay time at room temperature
The good agreement of the cross sections deduced with the simple method of average lifetime (T av ) analysis and the ones obtained by fitting a four-level model to the data encouraged us to perform an analysis of DATS with oxygen admixtures obtained in an earlier series of measurements at room temperature ͓6͔. The values for the average lifetimes at room temperature are given in Table III and 1/T av versus the oxygen number density is plotted in Fig. 5 . From Eq. ͑1͒ we deduce a quenching cross section of ͑1.34Ϯ 0.07͒ϫ10 Ϫ15 cm 2 .
V. LASER-TAGGED QUENCHING CROSS SECTIONS
Firing the laser at different times relative to the instant of formation of the metastable antiprotonic helium atoms, we obtained resonance peak intensities I (t) that ͑normalized to the total area of the spectrum͒ give information about the time-dependent p population of the deexcited level. We investigated the levels (n,l)ϭ(37,34) and (39, 35) , the lowest metastable levels of the cascades vϭnϪlϪ1ϭ2 and 3, using the 470-nm and 597-nm resonances, respectively. Measurements were performed for both levels at 100 K, 4 bars and 8 bars with pure helium gas, 4 bars and 8 bars with 20 ppm oxygen admixture, and 4 bars with 100 ppm O 2 . The statistical treatment of the data is described in Ref. ͓25͔.
A. Cascade lifetimes
The result of a typical laser timing scan, together with a fit of a simple exponential curve
is shown in Fig. 8 . A single exponential decay, however, is a crude approximation, as the time-dependent population of a level is not solely determined by the decay rate of this level. It also depends on feeding from higher levels and hence on the initial populations and decay rates of those higher-lying levels. Nevertheless, we give the values of the ''cascade lifetimes'' (T v ) of the two cascades as they are model independent ͑Table IV and Fig. 9͒ . Deducing a quenching cross section using Eq. ͑1͒ and identifying its i total with 1/T , one finds values of (1.43Ϯ0.08)ϫ10
Ϫ15 cm 2 and (1.96Ϯ 0.12)ϫ10 Ϫ15 cm 2 for the cascades vϭ2 and 3, respectively.
B. Quenching cross sections of the cascades v‫2؍‬ and 3
In previous publications ͓18,19͔ we showed that the v ϭ2 and 3 cascades can be described by three and two initially populated metastable levels, respectively. Their initial populations and lifetimes are given in Table V . Using these values we performed a simultaneous fit to all laser timing scans at 470 nm (vϭ2) on the one hand and 597 nm (v ϭ3) on the other. Each of these two sets of data consisted of five laser timing scans: 4 bars of total pressure with pure helium, 20 and 100 ppm O 2 admixture, and 8 bars of total pressure with pure helium and 20 ppm O 2 . 8 . Laser timing scans of the level (n,l)ϭ(39,35) using the fast extraction mode of LEAR. The normalized peak intensity ͑i.e., the ratio of the peak area to the total area of the analog spectrum͒ is plotted versus the laser firing time. Solid and open circles represent data of pure helium and helium with 20 ppm oxygen, respectively; the solid curves show a fit of a single exponential to each set of data. The measurements took place at 100 K and 8 bars.
FIG. 9. Single exponential decay rate ͑i.e., the inverse of the cascade lifetime T v ) versus the O 2 density for the two cascades vϭ2 ͑open circles͒ and vϭ3 ͑solid circles͒.
Each of the two sets (vϭ2 and vϭ3) was fitted using eight free parameters: To allow for changes in the laser intensity from scan to scan we introduced a normalization parameter for each of the five scans. As we had already established that the lifetime of the lowest metastable level in the vϭ2 cascade depends very much on the target helium density ͓28͔ we introduced two additional parameters 4 bars and 8 bars . The first is the decay rate of the lowest metastable level for all three scans taken at 4 bars, the other one is used for the two scans at 8 bars. The eighth free parameter is the quenching cross section, which was assumed to be equal for all metastable levels with a common v. Figure 10 shows all laser timing scans taken at 100 K together with the result of the fits. The data are reproduced very well and the two quenching cross sections for the v ϭ2 and 3 cascades obtained from the fit are ͑1.32Ϯ 0.10͒ϫ10 Ϫ15 cm 2 and (1.90Ϯ0.10)ϫ10 Ϫ15 cm 2 , respectively. These values are in excellent agreement with those obtained from cascade lifetimes T v .
VI. CONCLUSIONS
The DATS analysis shows that a four-level model with equal quenching cross sections for all metastable levels can explain the DATS with and without oxygen admixtures at 100 K very well, giving a value for the mean quenching cross section at 100 K of (1.35Ϯ0.03)ϫ10 Ϫ15 cm 2 . On the other hand, the value for the quenching cross section at room temperature obtained from T av analysis applied to DATS is (1.34Ϯ0.07)ϫ10
Ϫ15 cm 2 , so there is no temperature dependence observed between 100 and 300 K.
The laser experiments open a way to study directly the behavior of individual levels and cascades in the presence of small admixtures of oxygen. Here we see a small cascade dependence of the quenching cross section. The cascade v ϭ2, whose lowest metastable level is (n,l)ϭ(37,34), is quenched with a cross section of ͑1.32Ϯ 0.10͒ϫ10 Ϫ15 cm 2 , whereas the ϭ3 cascade ͓lowest metastable level (39,35)͔ has a quenching cross section of (1.90 Ϯ0.10)ϫ10 Ϫ15 cm 2 . The effect that levels with higher principal quantum number n are quenched more strongly has already been established for the case of hydrogen ͓22,24,25͔, although it is much stronger there. The values for the quenching cross sections are summarized in Table VI .
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